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In this investigation, computer code numerical solutions were performed and
analyzed to examine the HE Local Fallout Simulation Technique used in the Diamond
Ore and Essex Tests. In this experimental technique, iridium-coated tracer par-
ticles are mixed with the HE charge. Three numerical solutions were analyzed:

a 10-ton HE burst buried 6 meters in wet soil (i.e., the Essex 6MS test), a 10-ton
HE burst buried 6 meters in dry alluvial soil, and a 20-ton nuclear burst buried

6 meters in dry alluvial soil. Comparisons between the solutions indicate
important effects on early lofting of tracers or radiocactive debris due to dif-
ferences in wet vs ‘dty soil properties and differences in HE vs nuclear sources.
Good agreement was obtained between the HE/Wet Media case and the observed early

lofted cloud from Essex Test 6MS. gf;““-- o

These conclusions are drawn: /

1. The nominal 10-ton HE charges used in the Essex I test series did not
adequately simulate the local fallout from shallow-buried 20-ton nuclear bursts;
the vented energy was too small and the energy densities of vented material were
too low. The most significant physical process of a nuclear burst which is not
simulated by an HE charge is the release of the heat of vaporization upon con-
densation of soil which is vaporized by the shallow-buried nuclear burst. Most
of this energy release occurs after venting as the soil vapor mixes with air
above the burst, resulting in intense heating of the air and consequent buoyant
lofting of the hot air plus entrained soil and radioactive material.

2. The ejecta plume from Essex 6MS was primarily a '"throw out" cloud
dominated by ballistic processes, aerodynamic drag filtering, and shedding of
small particles from larger clumps. Buoyant lofting was minimal.

3. Because of buoyant lofting, radioactive material from a shallow-buried
nuclear burst will reach a significantly higher altitude than the altitude reached
by iridium tracers in the Essex 6MS test.

4. For HE sources, the dust cloud and iridium tracers in a dry soil remain
at a lower altitude but reach a larger radius than in a wet soil. Additional
analyses will be required before conclusions can be drawn about local fallout
from nuclear bursts in wet and dry media.

5. Development of a satisfactory HE simulator for local fallout from buried
nuclear bursts appears feasible, but the technique needs to be specifically
designed to reproduce those phenomena which govern early lofting. The HE simula-
tor needs to be designed on the basis of equivalent energy venting. This will
probably mean using an explosive system with total energy greater than the
nuclear yield. Extreme pressures from a nuclear burst result in vaporization of
the device and surrounding soil. Transfer of the latent heat to air above the
burst produces buoyant lofting. HE cannot vaporize the soil, but the equivalent
energy from the heat of vaporization can probably be simulated.

6. The CRALE and DICE numerical models adequately treated the processes
which determine the visible characteristics of the ejecta plume from Essex 6MS.
Fallout deposition on the ground was not calculated or compared with observations,
but the final positions of still-lofted tracers appeared consistent with test
data.

7. Analyses of possible modifications to the HE Local Fallout Simulation
Technique should be made towards improving simulation accuracy and confidence
levels.
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SECTION 1
INTRODUCTION AND SUMMARY
1.1 BACKGROUND OF HE LOCAL FALLOUT SIMULATION TECHNIQUE

Detonation of a shallow-buried nuclear device, such as an
Atomic Demolition Munition (ADM) or Tactical Earth Penetrating
Weapon (TEPW) will create a very strong shock wave in the soil,
leading to formation of a crater and ejection of soil and radio-
active weapon debris. Definition of expected crater dimensions,
ejecta fallback characteristics, and radioactive fallout deposi-
tions are needed as a basis for developing tactical doctrines for
the possible employment of such weapons. Inevitably, though not
always explicitly stated, there are uncertainties associated with
such definitions. 1In particular, current predictions of radio-
active fallout from low-yield subsurface bursts in wet soils are
very uncertain because the only available shallow-buried nuclear
data are from tests performed in the relatively dry alluvial soil
at the Nevada Test Site.

To help reduce this uncertainty, a high explosive concept
for simulating local radiation fallout from subsurface nuclear
bursts has been evolving in connection with the Middle Course II,
Diamond Ore, and Essex programs. This concept, which will be
referred to here as the HE Local Fallout Simulation Technique,
makes use of iridium-tagged quartz particles distributed in the

explosive charge.

Using this technique, tests have been fired in relatively dry

media at Trinidad, Colorado (Middle Course II),! in wet shale

at Ft. Peck, Montana (Diamond Ore),? and in wet soil at Ft. Polk,

Louisianna (Essex I)°®.
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1.2 ESSEX I LOCAL FALLOUT SIMULATION TESTS

The most comprehensive use of the HE Local Fallout Simulation
Technique has been in the Essex I series. For these tests, the
iridium tracer particles were uniformly distributed in gelled nitro-
methane explosive. Eight tests were performed to examine effects
of depth of burial, stemming, and hole size upon the deposition of
the tracer particles recovered in the ground. The test conditions

are summarized in Table 1.1.

Different quantities of the explosive, varying between 8.0
and 12.4 tons, were used for the different DOB and stemming condi-

tions. These quantities were established on the basis of series

of calculations by Thomsen" and by Blake and Wilkins®, in which

the masses of explosive required to couple the same kinetic energy
to the soil as occurs in nuclear bursts under the same conditions
were determined. This eguivalent kinetic energy criterion was based
on the assumption (partially confirmed by cratering calculations)
that it would lead to equivalent cratering and ground motions.
1.3 COMPARISON OF HE AND NUCLEAR LOCAL FALLOUT DATA IN WET AND

DRY MEDIA

Figure 1.1 (adapted from Reference 3) shows the vent fraction*
vs scaled DOB for several nuclear tests and for several HE tests

using the Local Fallout Simulation Technique. Tests fired in wet

Vent fraction from HE tests is defined® as the ratio of the
tracer element (iridium) deposited beyond the limit of continuous
ejecta in the local fallout area, divided by the initial iridium
in the HE charge. Vent fraction in the nuclear events is the
fraction of the total device activity deposited beyond the limit
of continuous ejecta in the local fallout area. Long range or
global nuclear fallout is not included in either vent fraction.
The limit of continuous ejecta is that boundary within which the
ground is completely covered by explosion-produced ejecta and
debris. For craters in soil media, the area within this limit
is of the order of ten times the crater area (i.e., out to "3
crater radii).
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! Figure 1.1 Vent Fraction vs Scaled DOB for Several NTS
b Nuclear Tests and HE Local Fallout Simulation

Tests (adapted from Ref. 3)
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media are designated by filled-in symbols, while those in dry
media have open symbols. There is a strong perception from Figure
1.1 of a media dependence, with bursts in wet media producing much
smaller vent fractions than bursts in dry media. If real, such a
pronounced difference would have important implications, inasmuch
as many targets of interest for shallow~buried low yield devices
are in areas of wet soil. However, note that:

© All nuclear data in Figure 1,1 are from

tests in dry media

o All wet media data in Figure 1.1 are from
HE tests.

The only data which directly compare local fallout in wet and
dry media are from the Essex (wet) and Middle Course II (dry) tests
at 35-40 m/ktl/3 DOB (i.e., Essex events 12MSs, 12MPS, and 12MU vs
Middle Course events M-4, M-13, and M-16). The highest vent
! fraction in the wet media is 7%; the lowest value in the dry media

| is 35%. This comparison certainly supports the hypothesis of a
strong media dependence.

A comparison of local fallout deposition profiles, however,
indicates that fallout distribution from the HE Local Fallout
Simulation Technique may be qualitatively quite different than
patterns observed from nuclear bursts. Figure 1.2 compares fallout
profiles from Essex event 6MS (HE), Middle Course II event M-13
(HE) , and Teapot Ess (Nuclear). In the HE simulation tests in both
wet and dry media, the peak of the deposition curves falls well
within the limit of continuous ejecta. By contrast, the peak in

the nuclear test Teapot Ess is well beyond the limit of continuous
ejecta.

The observation in Figure 1.2 that the deposition profiles
from HE simulation tests in both wet and dry media have the same
general relationship to the limit of continuous ejecta, and that
this relationship is different than that observed in a nuclear

11
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test, raises the possibility that the sharply reduced vent fraction
in the Essex wet media tests could be the result of the specific
HE charge design used in the Essex tests to simulate local fallout.

1.4 OBJECTIVES OF CURRENT PROGRAM

Our objectives have been to compare processes affecting local
fallout in nuclear bursts and in the HE Local Fallout Simulation
Technique, and to suggest modifications, if necessary, for improving

this HE simulation technique.

Towards this objective, numerical computer code calculations
were performed and analyzed to investigate the nature of shallow-
buried nuclear and HE bursts in wet and dry soils, with emphasis
on comparisons between the venting and early lofting dynamics of
the radioactive material which becomes fallout in shallow nuclear
bursts, and of the iridium tracer particles used in the HE Local

Fallout Simulation Technique.

For these analyses, it is convenient to separate the processes
into cratering dynamics, and multiphase flow of ejecta and air,
as shown in Figure 1.3. With this separation, the cratering dynamics
can be modeled using CRALE, an arbitrary Lagrangian-Eulerian finite
difference code of the type which has been used to calculate both
HE and nuclear craterse’7. Results of the cratering dynamics
analyses define the characteristics of ejecta flowing through the
ground surface plane from the developing crater. These ejecta
characteristics form the lower boundary condition for the subse-
quent multiphase flow portion of the numerical simulations. Note
that in the nuclear case, ejecta includes vaporized soil material,
weapon debris, and tracers. 1In the HE case, ejecta includes HE

combustion products and iridium tracers.

Using the ejecta definition from the CRALE cratering dynamic

analysis, the DICE code is then used to treat the multiphase flow
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characteristics above the original ground surface. DICE was devel-
oped to provide a method for analyzing lofted cloud dynamics follow-
ing a surface burst®r®/!%, It calculates the coupled multiphase

dynamic behavior of the mixture of air and lofted soil particles. 1

B Ao S e sash A -

The air and particles flow separately while exchanging momentum
and energy through drag and thermal interaction mechanisms (includ-

ing phase changes) as functions of position and time.

Table 1.2 defines the three numerical solutions performed and .
3 analyzed in the current study.

One purpose of Case 3221 (HE/Wet) was to demonstrate the i
feasibility of simulating cratering dynamics and multiphase ejecta- ;
air flow above HE buried bursts using the CRALE and DICE numerical g
é techniques. The results of this calculation can be compared é ﬁ
directly with experimental observations of cloud development. The i
effects of a wet vs dry media on venting and early cloud dynamics /
are investigated by comparing Case 3221 with Case 3222. The effects g
of an HE vs nuclear source (in a dry medium) are investigated by ;
comparing Case 3222 and Case 3223. !

In all three cases, tracer particles were distributed through- %
out the media as well as in the source regions to determine loca- §
tions and movements of radiocactive material in the developing
clouds. Figure 1.4 shows the initial location of the indexed
iridium tracer particles associated with the HE source in Cases |
3221 and 3222, and the location of the tracer particles within the
nuclear source in Case 3223. Tracers which flowed through the
original ground surface in the CRALE calculation are injected into

ol A N PR 5 san IR st oy < R -t

the DICE phase of the calculations. 1In all cases, the tracers
have diameters between 75 and 175 microns (the size range of the
iridium-tagged particles in the Essex tests).
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| Table 1.2 CONDITIONS FOR CRALE/DICE NUMERICAL SOLUTIONS
Case 3221 Case 3222 Case 3223
HE Source/ HE Source/ Nuclear Source/
Wet Media Dry Medium Dry Medium
(Essex I event 6MS) (Scaled Teapot ESS)
| 10t (equiv. TNT yield) HE cylinder 20t internal energy in
(2.28 m x 2.28 m) centered at 5.85 m isothermal cylinder
Source depth. 1Ignited at center. (20 cm x 20 em)
Pmax ~ 200 Kb. centered at 5.85 m
depth. P ~ 60 Mb.
max
DOB ~ 6 meters
Wet soil, Ft. Polk
Media layering, WT = 12 ft. Dry NTS alluvium
5 size groups: 5 size groups:
:i:giii: o| -01-100 cm .005-10 cm
Bl 90% > 1 cm 70% < 1 cm .
D
Baseline case. Wet vs dry HE vs nuclear z
Objective Experimental compar- comparison comparison :
ison with Essex 6MS (3221+—3222) (3222+—3223)




Particle sizes of the incoming ejecta are not a dirzct output

of the cratering dynamics calculations and must be estimated.
Figure 1.5 shows the distributions which were used. For the dry-
media cases, we used the nominal size distribution for alluvium at
the Johnie Boy site!!. 1In this distribution, the mass mean diameter
(MMD) is .16 cm, and 70% of the mass is in particles smaller than
1l cm. For the wet-media case, the MMD is 18 cm, and 90% of the
mass is in particles larger than 1 cm. There is experimental sup-
port for this trend in ejecta size distribution for dry vs wet
soils!?. However, the details of the wet soil particle size
distribution are estimates. In the DICE analyses, the particles
were divided into five size groups, with appropriate drag and heat

exchange characteristics, plus a soil "vapor" group.
g g

1.5 SUMMARY OF RESULTS

Figure 1.6 shows a photograph* of the plume of ejecta from
Essex event 6MS at 1.5 seconds. Superimposed on the photograph
‘ are two cloud boundaries from the CRALE/DICE code analyses. The
} inner boundary encompasses the 1-10 cm particle size group, while
; the outer boundary encompasses the 10-100 cm particle size group.
; (Aerodynamic drag filtering is responsible for the difference.)

Visual perception of the edge of a cloud is affected by par-

ticle size, mass concentration, relative location of the observer

’ and the sun, and general meteorological conditions. Given these
| complications, the agreement between the visible plumes in the

|

| photos and the calculated boundaries is considered quite good.

Shedding (aerodynamic stripping from weakly cohesive clumps
of wet s0il) is quite evident from the larger clumps in Figure 1.6.

* provided to us by John Dishon, Waterways Experiment Station.
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50 meters ——n

dny = 32 cm cloud ==y

P -r dp = 3 em cloud
~
N\
]

Figure 1.6 Photograph of Essex 6MS Cloud with CRALE/DICE
Calculation 3221 Superimposed for Comparison
(Dashed Lines).
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This mechanism was not modeled in the current analyses. it would
have dynamically reduced the large particle sizes, leading to

increased drag and reduced upward growth of the calculated plume.

Both the photograph and the calculated profiles in Figure 1.6
suggest that the plume in Essex event 6MS at 1.5 seconds is being
pushed up by ejecta momentum, rather than being lofted by the
buoyancy of a hot fireball.

Figure 1.7 shows the ejecta cloud altitudes and the maximum
tracer particle altitudes as functions of time for the three cases.
The radioactivity tracers in the nuclear case are significantly
higher than the iridium tracers in either of the HE cases. This
behavior is due to differences in the magnitude and form of the
vented energy. As described in Section 1.2, the Essex HE charge
masses were established so that the same kinetic energy would be
coupled to the soil as in a nuclear burst, with the expectation
that equivalent cratering and ground motions would result. This

is a reasonable approach for designing a cratering simulation

charge.

Local fallout, however, is influenced by different processes
than cratering. Note that the results of the calculations in
References 4 and 5, as manifested in the HE charge masses in
Table 1.1, indicate that shallow-buried nuclear bursts are only
half as efficient as buried HE charges in coupling kinetic energy
to cratering action. This is primarily the consequence of the
much higher energy densities and pressures in the nuclear source
as compared to the explosive detonation, i.e., ~60 Mb vs ~0.2 Mb.
These extreme energy densities result in inefficient (for cratering)

vaporization of the nuclear device and of surrounding soil.

On the other hand, this inefficiency of the nuclear burst for
eratering means that a larger fraction of energy is available for

venting to the atmosphere, and hence for dispersing and lofting
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of radioactive debris. On this simple basis alone, it should not
be expected that equating the kinetic energy coupled to the ground
by a buried HE charge to that by a buried nuclear burst will lead
to the same venting and lofting phenomena above the surface.
Rather, the mass and energy of the simulation charge should be
chosen such that the vented energy is equivalent to the vented
energy expected from the nuclear burst being simulated. This
means that the total HE energy would probably need to be larger
than the nuclear yield.

The form and concentration of the vented energy is also very
important. Because of the higher initial shock pressures, ejecta
from a nuclear burst is much hotter than ejecta from an HE burst,
and substantial ejecta mass is vaporized. Approximately 15% of
the device yield in the nuclear Case 3223 is in the form of latent
heat in soil vapor. Subsequent release of the latent energy (as
the soil vapor recondenses) heats the air above the nuclear burst

thereby causing buoyant lofting of the radioactivity tracers.

By contrast, ejecta temperatures are relatively low from an
HE burst, and no soil vaporization occurs. Calculated temperatures
in the vented detonation products in Cases 3221 and 3222 are only
a few degrees above ambient (T ~ 300°K). Hence buoyant lofting
was very weak in the Essex simulations. The HE ejecta plumes formed
as a result of soil and tracer particles being thrown upward ballis-
tically. Through drag interactions, the HE-accelerated ejecta
particles pull air up with them.

Confirmation that particles are dragging air up with them in
the HE case is seen in the relative altitudes of large and smaller
particles in Case 3221 (HE/Wet) in Figure l1.7. Larger ejecta sizes
attain higher altitudes due to drag filtering, i.e., large particles

23
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transfer momentum to the air relatively slowly. Iridium tracers,
on the other hand, remain near the bottom of the plume due to
their small sizes and the absence of significant thermal lofting.

Comparison in Figure 1.7 of the HE/Wet and the HE/Dry cases
(3221 vs 3222) shows that neither the lofted cloud nor the iridium
tracers reach as high an altitude in the dry medium burst. This
is because of the earlier and stronger aerodynamic drag coupling
of the smaller particles used to characterize ejecta from the

burst in the dry medium.

Figure 1.8 shows plots of the air velocity fields and the
iridium and radioactivity tracer locations for the three cases at
the end of the solutions at 5 seconds. In the nuclear burst,
there are still upward air velocities of approximately 20 m/sec,
and some radioactivity tracers are entrained in this upward flow.
In the HE cases, all of the iridium tracers still aloft at 5

seconds are moving downward.

Because iridium tracers were still aloft at 5 seconds in
Case 3221, a direct comparison of the predicted iridium deposition
profiles on the ground with the experimental profiles from Essex
event 6MS shown in Figure 1.2 is not possible. The iridium tracers
in Case 3221 are falling close to the source, and many will prob-
ably end up within the crater. (The experimental Essex 6MS crater
radius was about 25 m.) However, the downward air flow turns out-
ward as it reaches the surface. This flow, plus base surge,
could provide additional outward radial motion to the tracers,
allowing a final deposition profile similar to that of Essex 6MS

in Figure 1.2.
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1.6 CONCLUSIONS AND RECOMMENDATIONS

Regarding the Essex I local fallout simulation tests:

1. The nominal 10-ton HE charges used in the Essex I
test series were too small and the shocked soil
temperatures produced were too low to simulate the
Jallout from shallow-buried 20-ton nuclear bursts.
These charges were designed to meet an "equivalent kinetic
energy" criterion, i.e., to couple the same kinetic energy to the
surrounding soil, and hence to cratering and ground motions, as

a 20-ton nuclear burst. It takes less total HE than nuclear

energy to achieve this equivalence because HE "wastes" less energy

on extreme shocking and vaporization of surrounding soil. From
the standpoint of fallout simulation, however, the combination

of the small charge energy, lower temperatures (with no phase
changes), and greater coupling efficiency of the HE charges meant
that much less energy was available for venting, and especially
for venting of the concentrated internal energy (i.e., latent
heat of vaporization) needed for buoyant lofting of iridium
tracers. For 10 tons of HE at 6 m DOB, the vented detonation
products were too cool to produce significant buoyant lofting.

2. The ejecta plume from Essex 6MS (and probably from

the other tests in the gseries) was primarily a
"throw-out" cloud.

Major mechanisms involved in the development of such a plume
include ballistic throw-out, aerodynamic drag filtering of various
particle sizes, air velocities induced by particle drag, and
shedding of small particles stripped off of large soil clumps by

aerodynamic forces.

3. Primarily because of buoyant lofting, radioactive
material from a shallow-buried nuclear burst will
reach a significantly higher altitude (by a factor
of 2 or more) than the altitude reached by iridium
tracers in the Essex 6MS test.




Regarding differences between lofting of radioactivity from
shallow-buried bursts in wet vs dry media:

4. For HE sources (the only comparison made in this
program), the dust cloud and iridium tracers in a
dry soil remain at a lower altitude but reach a
larger radius than in a wet soil.

The typically smaller ejecta particles in dry soil result in
earlier and stronger aerodynamic drag coupling with the air than
occurs with the larger wet soil clumps. This enhanced coupling
results in a substantially lower, broader cloud. Additional com-
parative analyses will be required before conclusions can be drawn
about local fallout from nuclear bursts in wet and dry media.

Regarding the feasibility of developing a satisfactory
HE Local Fallout Simulation Technique:

5. Development of a satisfactory HE simulator for local
fallout from buried nuclear bursts is feasible, but
the HE technique needs to be specifically designed
to reproduce those phenomena which govern early
lofting.

The Essex explosive charge was intended to simulate nuclear
cratering processes in shallow bursts; its failure to adequately
simulate local fallout merely shows that venting, lofting, and
local fallout are affected by different processes than cratering.

6. The HE Local Fallout Simulator should be designed

on the basis of equivalent energy which is vented.

This will probably mean using an explosive system with total
energy greater than the nuclear yield which is being simulated.

7. The form and density of the vented energy, not just

the quantity, are important.

The extreme pressures from a nuclear burst result in severe
heating and vaporization of soil ejecta mass. Subsequent transfer
of this latent and sensible heat to air above the burst produces
buoyant lofting.




These energy densities and pressures, with the consequent
soil vaporization and transport of latent energy to the surface
cannot be produced by an HE charge. However, the ¢/iv.-fz of these
processes upon vented energy and early lofting dynamics can be é
simulated. The following techniques appear promising: !

a. Add materials to the explosive to sustain detonation
product temperatures through the venting period.
Addition of aluminum powder, for example, will
produce afterburning, thereby releasing energy into
the detonation products at relatively late times.
It is noteworthy that the HE charges used in
Middle Course II contained 18-20% aluminum powder.
As seen 1n Figure 1.1, these charges produced much
higher vent fractions. (While this is not con-
clusive, since Middle Course 1I was fired in dry
media, the trend is encouraging.)

b. Heat energy could be directly and separately added
above the surface. One way would be to center a
hemispherical balloon of detonable gas on the
surface above the HE charge. It could be initiated
by ejecta or by a separate firing system.

Regarding the CRALE/DICE numeri:al modeling of local
fallout processes:

8. The CRALE and DICE models adequately treat processes
which determined the visible characteristics (flow
pattern, dimensions) of the ejecta plume from
Essex 6MS.

Fallout deposition on the ground was not complete at the
end of the solution at 5 seconds, but the final position of
still-lofted tracers appears consistent with the experimental
deposition profile. The initial crater ejecta particle size

distribution is not calculated, but must be inferred from other

data. Shedding was not modeled in the current solutions.
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Regarding utilization of numerical solutions for local
fallout prediction and to support development of improved
simulation techniques:

9. Analyses of possible modifications (including those
suggested in item 7?) to the HE Local Fallout Simu-
lation Technique should be made towards improving
stmulation fidelity. These should precede experi-
mentation.

10. The following specific cases should be analyzed:

a. A detailed analysis of a NTS buried nuclear
event, both to improve understanding of the
dominant processes involved, and to provide
experimental validation of the analysis
technique.

b. Using the same source and DOB, analyze a
nuclear burst in wet media, to provide better
understanding of potentially very important
wet vs dry media effects which are suggested
by vent fraction data from HE tests.

11. Run numerical solutions to later real times.

In the current study, the calculations were terminated at
5 seconds. By this time, substantial differences were evident in
the qualitative and quantitative behavior of the tracers in the HE
and nuclear clouds. Significant differences had also appeared
between HE clouds in wet vs dry media. However, these calculations
were not run far enough to determine the base surge and final
deposition on the ground of the tracers. Future calculations
should extend far enough to obtain the local fallout pattern on
the ground for an axisymmetric configuration. Effects of atmos-
pheric winds can then be approximated by adding wind transport terms.

29
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12. Analyze effects of uncertainties in the mass of soil
and water vaporized upon local fallout for shallow-
buried nuclear bursts in wet and dry soils.

Latent enerqgy involved in vaporization appears to play a
critical role in venting dynamics and in the subsequent lofting

processes.

——
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SECTION 2

CRATERING DYNAMICS - CRALE CALCULATIONS

The primary role of the CRALE cratering calculations were to
specify the flux of earth material and gas which crosses the
initial ground surface into the domain of the DICE lofting calcu-
lation. That is, CRALE output provided the lower boundary con-
dition for the DICE solutions.

A discussion of the CRALE cratering studies follows. Initial
conditions (soil properties, energy sources, zoning and placement
of target tracer points) are described. Then the results of each
simulation are described and compared with available experimental

data and previous numerical simulations.
2.1 INITIAL CONDITIONS
2.1.1 Soil Properties

The initial soil geologies for the turee CRALE simulations are
shown in Figure 1.4. Noted for each of the soils in the diagram
are the bulk density (po) and the air-filled void fraction.

Since Case 3221 (HE/WET) is a simulation of the Essex 6MS
event, it required the most elaborate soil representation. 1In
addition to five soil strata, there was a column of grout used to
back-fill the emplacement shaft. This complex system was designed
to match the Essex 6MS experimental conditions as closely as pos-

sible. Soil properties can be found in Jackson'’®.

The dry ground media (Cases 3222 and 3223) was assumed to be
homogeneocus NTS desert alluvium, with properties based on Reference
13. Separate back-fill material was not used in these two calcu-
lations.




2.1.2 Sources

For Cases 3221 and 3222 an identical 10-ton (equivalent

yield) nigh explosive source was used, in the form of a right-

et

circular cylinder, 2.28 meters in height and 1.14 meters in radius,
centered 5.85 meters below the ground surface. The HE was ignited
at its center and burned with a detonation velocity of .624 cm/usec
and a CJ pressure of 120 kbars.

For Case 3223, the 20-ton (equivalent yield) nuclear source
was represented by an isothermal cylinder of normal density
alluvium, 10 cm in radius and 20 cm in height, again centered
5.85 meters below the initial ground surface. This energy and

volume results in an initial pressure of 50 Mbars.
2.1.3 Tracer Points

Tracer points of two distinct types were included in these

calculations. Massless Lagrangian points were located throughout

the media to provide time-histories of the velocity, displacement
and stress. A subset of these Lagrangian target points was\dis—
tributed throughout the volume of the initial explosive source.

For Cases 3221 and 3222, these points represented the iridium-
coated sand particles mixed with the nitromethane explosive. For
Case 3223, these Lagrangian points in the initial source region
represented radioactive material from the nuclear explosive source.

The locations of the source points are shown in Figure 1.4.

Twenty-five Eulerian tracer points were used to collect the

information that provided the time- and radius-varying lower
boundary condition for the DICE calculation. These points did
not flow with the material; they remain equally-spaced in radius,
two centimeters above the original ground surface. As the ground
rose after the explosion, the radial positions of the Eulerian

points were continuously expanded outward in order to observe the




motion of the entire surface mound. The Eulerian points monitored
the soil type, particle velocity, specific intexnal energy and
density of the material flowing upward through the original ground
surface as a function of time and radial position.

2.2 HE SOURCES IN WET SOIL (ESSEX 6MS) - CASE 3221

Case 3221 was designed to simulate the Essex 6MS experiment
at Fort Polk, Louisiana. The experiment consisted of the explosion
of 10 tons (equivalent yield) of high explosive buried six meters
in wet layered clay. The emplacement shaft was back-filled with

a soil-matching grout.
2.2.1 Calculation Result

The so0il media respond in a nominally spherical manner until
the outrunning shock wave reaches the ground surface, as illustrated
in Figure 2.1 by the velocity vector plot at 1.96 msec. The shock
wave has induced spherically divergent velocities and the HE
gases produced by the cylindrical explosive charge have also
become nearly spherical. (The initial HE boundary is indicated

on this plot for comparison.)

In Figure 2.1 the shock wave has just reached the ground sur-
face. As a relief wave now propagates back into the soil, the
symmetry of the solution is destroyed. As integration proceeds,
the ground surface accelerates and the gas cavity grows. Figure
2.2a* illustrates the development at 6.06 msec. The surface has
risen near the axis to form a mound. In this weak soil, explosive
gases easily continue their nearly spherical growth, producing
distortion in the surrounding grout and soils. By t ~21 msec,

*Figures 2.2, 2.3 and 2.4 include plots from both the HE/Wet Media
(Case 3221) and HE/Dry Media (Case 3222) solutions, so that these
solutions can be easily compared. Case 3222 is discussed in
Section 2.3.
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the gases have broached the original ground surface (Figure 2.3).
The cavity is no longer spherical as the gases have found upward
expansion easier than lateral expansion. However, gas velocities

near the bottom of the cavity are still downward.

CRALE integration proceeded until approximately 50 msec. At
that time ballistic extrapolation was used to provide the DICE
calculation with an estimate of the ejecta field to 200 msec.

Of particular interest for the continuing DICE calculation was
the location of the Lagrangian tracer particles representing the
iridium tracers in the high-explosive charge. Figure 2.4a traces
the paths of these Lagrangian points. Approximately half of the
points were driven downward from the surface by the initial explo-
sion. These particles will probably remain in the crater, or

perhaps be carried out at very low velocities at late times.
2.2.2 Experimental Comparisons

Comparison of this CRALE integration with experimental data
from the Essex 6MS test is useful for evaluating the numerical
approach, including material models. 1In Figures 2.5 and 2.6,
peak stress and velocity versus range at shot depth are shown.
The dashed CRALE curve agrees well with measured values of both
quantities.

Time-histories at CRALE Lagrangian targei points also compare

favorably with experimental data from Essex 6MS gauges similarly
located. Figure 2.7 is the stress history for a station at shot
depth and a radius of three meters. The CRALE stress timing and
magnitude are extremely close to the experimental values.

Unfortunately experimental data are not reported after the peak.

A comparison of calculated versus measured motion of the
surface above the charge bears directly on the realism of the

calculated ejecta history. Figure 2.8 compares the vertical
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velocity profile of the surface as measured at 100 msec with the

CRALE results at 21, 31, and 48 msec. Extrapolation of the early

CRALE profiles appears consistent with the 100 msec experimental
profile.

Finally, an adequate crater simulation is useful in validat-

ing the CRALE incipient ejecta predictions. At various times in

CRALE integration a ballistic extrapolation was made to predict

the crater profile. Figure 2.9 shows the results of such extra-

polations at 19, 27, 38, and 48 msec. For comparison, the apparent

crater observed in the Essex 6MS experiment is shown. The pre-

dicted CRALE volume at 48 msec is 5640 m3, versus a measured

6046 m3. However, the predicted crater radius is smaller, and

it is deeper than the flat-floored experimental crater. We
attribute this difference to late~time slumping of the saturated

soil. Note that the HE charge was located below the floor of the
measured crater.

2.3 HE SOURCE IN DRY SOIL -~ CASE 3222

Case 3222 was run to evaluate the effects of soil properties

on a buried, stemmed burst. Rather than the wet, layered clay

used in 3221, the medium for 3222 was a dry NTS alluvium. This

difference lead to significant differences in the ejection of
iridium tracer points.

The early stages of Cases 3221 and 3222 are similar in appear-

Figure 2.2 shows velocity vector fields for Case 3222 (Dry)
at 4.84 msec and Case 3221 (Wet) at 6.06 msec.

ance.

In both plots the
ground surface is beginning to accelerate and the HE cavity has

expanded to a spherical shape. Distinctions between the two

calculations appear in Figure 2.3; this figure shows the velocity

vector fields for Case 3222 (Dry) at t = 22.1 msec and for Case 3221
(Wet) at 21.1 msec.

This comparison shows that the cavity in the
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wet soil at this time is much larger and more nearly spherical
than the cavity in the dry soil. A comparison of cavity profiles
shown in Figure 2.10 provides a likely explanation for the dif-
ferences. At any particular time the cavity in the wet soil is J
much larger than the cavity in the dry soil, primarily because

wet soil is weaker. The average yield strength of the wet soil

is y = ~50 bars compared to a y = 600 bars for the dry alluvium.
Having done a greater amount of expansion work, the cavity pres-
sure in the wet so0il is lower than the pressure in the dry soil

at the same time.

The differences in the cavity gas velocity fields observed
in Figure 2.3 are a result of the difference in pressure in the
two cavities (20 bars in 3221 versus 50 bars in 3222). When the
relief wave moves down from the surface into the cavity, the
average upward acceleration produced is roughly proportional to
the difference between cavity pressure and atmospheric pressure.
Since the relief-wave arrival times are comparable and since the
cavity pressure in Case 3222 (dry soil) is greater than that in
Case 3221 (wet soil), greater upward accelerations occur in the
dry case than in the wet. 1Indeed, the particle paths of the
Lagrangian points representing the iridium tracers in Figure 2.4b
show that all but the bottom row of points have begun moving up-
ward in the dry media case. This is very different from the
behavior in the wet case, shown in Figure 2.4a, wherein half the
particles are still moving downward. This differing behavior
could contribute to the contrasting vent fractions observed

between the Essex (wet media) and Trinidad (dry) tests.
2.4 NUCLEAR SOURCE IN DRY SOIL -~ CASE 3223

Case 3223 was run to examine the nature of phenomena involved
in venting and early lofting dynamics of radioactive material from
a 20-ton buried nuclear burst. Results of solutions of this type
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can provide the understanding needed to develop test techniques

for realistically simulating local fallout from buried nuclear

bursts.

Twenty tons was chosen as the yield, since the 10-ton Essex
HE charge was intended to simulate effects of a 20-ton nuclear
burst.

The calculations started with 20 tons of internal energy in
an isothermal cylinder of alluvium (Figure 1.4). This produces
an energy density of 62.7 Mb-cc/gm, and an initial pressure of
59 Mb in the source cylinder. The source region expands rapidly,
pushing a shock into the surrounding soil as it transfers energy
to that soil. By 50 usec (Figure 2.11), the source region has
expanded by more than a factor of 100. Up until 50 usec, the
computational zoning was Lagrangian, resulting in the severe net
distortion seen in Figure 2.11. Thereafter the grid was altered

using the ALE technique to preserve more rectangular zones.

The velocity field at 6.4 msec (Figure 2.12) is similar to
the prior HE cases (Figures 2.2a and 2.2b) for material beyond
the source. Within the source region, the very low density vapor-
ized alluvium is more turbulent than the HE detonation gases.
This is also illustrated in Figure 2.13 by the particle paths out
to 50 msec for the tracer points originally located in the source

region to represent radiocactive debris.

A portion of the 20 tons of energy in the source region goes
into vaporization of soil as a strong shock propagates out from
the source. However, after the cratering calculations for Case
3223 had been completed, a problem wit.: the equation of state was
found, in that only a relatively small latent heat of vaporization
was required to vaporize soil. As a consequence, only a few
hundred kilobars shock pressure was required to vaporize soil,
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rather than the nominal 1 Mbar normally used. The effec of this
problem on the crater was relatively small. DPrimarily, it allowed
somewhat more energy to be available for heating and excavating
solid-phase soil. However, the venting of soil vapor without
sufficient latent heat of vaporization would have meant that the

energy available for subsequent lofting was unrealistically small.

Time did not permit repeat of the CRALE analysis of Case 3223.
However, a reasonable compensation for the problem was made in the
following way: The mass of soil exposed to peak shock pressures
above 1 Mbar was determined from the CRALE analysis, and this mass,
approximately 1 metric ton, was taken to have been vaporized.

Using an estimated heat of vaporization of Hv = 14 x 10ll

ergs/gm'®,
the latent heat required to vaporize 1 ton of soil is 1.4 x

10ll ergs/gm x 106 gm = 3.3 tons*, The 3.3 tons of energy are
approximately 17% of the 20-ton device yield used in Case 3223;

this vaporization energy was added to a ton of ejecta vapor enter-

ing the DICE code solution.
2.5 SUMMARY OF CRATERING CALCULATIONS

The final crater profiles (from ballistic extrapolation) are
shown in Figure 2.14. Table 2.1 compares the calculated dimensions
and volumes with available experimental data. Reasonable agree-
ment was obtained. As discussed in Section 2.2.2 and illustrated
in Figure 2.9, the calculated crater shape for the HE/Wet case
(3221) was much deeper and narrower than the observed crater for
Essex 6MS. However, the calculated and observed volumes agreed
to within 7%. The shape discrepancy is probably due to late-time
slumping in the saturated soil which was not modeled in the code
solution. (Some slumping must have occurred, since the HE charge
was located below the observed crater floor.)

* 1 ton energy = 4.2 x 106 ergs.
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Results of the Nuclear/Dry calculation are compared with
results for Teapot Ess (scaled to 20-ton yield using W1/3). The
calculated volume is larger than the scaled Teapot Ess volume by
a factor of over two; the depth/diameter ratios are nearly the

same.

The flux of material across the ground surface was the major
output of the cratering calculation, as this data was required as
input to the DICE calculations discussed in the following section.
The differences in initial ejecta are summarized in Figure 2.15,
which shows the velocity profiles at selected times along the
ground surface for the three cases. While the ejecta in the two
HE cases appear to have similar initial velocity distributions,

the vaporized material in the nuclear case escapes more rapidly.
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SECTION 3
EJECTA-AIR MULTIPHASE FLOW - DICE CALCULATIONS
The multiphase DICE code was used to analyze the cloud loft-
ing and air flow characteristics. Soil and iridium-coated sand

particles were supplied to the DICE code from the CRALE crater-
ing analyses described in the preceding section.

3.1 HE SOURCE IN WET SOIL (ESSEX 6MS) - CASE 3221

| The particle size characteristics of the soil and iridium
tracers are indicated in Table 3.1. The iridium tracer particles
are represented by DICE particle size groups 1 and 2. The iridium

tracer particle diameters are between 75 and 175 um. The particle

size distribution of the soil incipient ejecta is not currently
predicted by CRALE or any other cratering code. Break-up or 1

agglomeration of soil "clumps" during the cratering process has

il "

L

not been investigated; therefore, the soil incipient ejecta 1
particle size distribution must be estimated based on meager

ejecta data. Particle size groups 3-6 represent the soil. ]

Soil particles range in diameter between 100 um and 100 cm.

e k. i

Figure 3.1 shows the ejecta mass flowed into the air versus
time and particle size group for the wet media (3221). The CRALE
cratering simulation provided incipient ejecta density, velocity,
and specific internal energy to the DICE code for times up to
t = 200 msec. The decrease in the mass of all groups after about .
1 sec is due to particle fallout. Iridium-coated sand particles
entered the atmosphere at t ~20 msec. Total soil mass ejected
into the atmosphere was 5.2 kton, with about 0.5 ton, or 0.01% of

L Ao Men wen s

this total being the iridium-coated sand. }3

| ]
i Figure 3.2 shows a velocity vector field plot and the ¥
{ location of the soil and iridium boundaries at 26 msec after '

detonation. Below the soil boundary, there is a region of
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Table 3.1

PARTICLE SIZE CHARACTERISTICS FOR A WET GEOLOGIC
MEDIA AND IRIDIUM-COATED SAND (CASE 3221})

Mass Fraction

Group | Particle Diameter d_ (cm) of Solid
Type P Incipient Ejecta
Minimum Maximum Reprgsentative
Diameter
1 Iridium .0075 .0125 .01 .256
2 Iridium .0125 .0175 .015 .744
3 Soil .01 .1 .032 .032
4 Soil .1 1 .32 .068
5 Soil 1 10 3.2 .218
6 Soil 10 100 32 .684
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Figure 3.1 Ejecta Mass Flowed into the Atmosphere as a Function of
Time and Particle Size Group for Case 3221 - HE Source
in Wet Media Representing Essex 6MS.
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in a Wet Soil (Essex 6MS, Case 3221).
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multiphase flow involving soil particles and air which are
dynamically coupled by drag and thermal interactions. The iridium
boundary position is below the soil boundary because the iridium
was initially buried with the HE charge. The upward moving ground
surface accelerates the air to velocities greater than 200 m/sec.

By 45 msec (Figure 3.3), the iridium-coated sand particles
have caught up with the soil particles and the two boundaries
nearly coincide at the axis of symmetry. This is a consequence
of the iridium particles being located in the HE charge and
flowing with the detonation products; the detonation gases flow-
ing from the crater region are accelerated to higher velocities

than the soil particles once venting begins.

Figure 3.4 shows that by 72 msec, the smallest particles
(groups 1, 2, and 3) are at the highest altitudes. This is an
aerodynamic drag effect caused by the venting of the detonation
gases through the incohesive soil overburden. At this time the
upward velocities near the vertical axis are approximately
300 m/sec. The peak upward velocities occur prior to 100 msec

and exceed 300 m/sec.

As seen in Figures 3.5 and 3.6 (t = 100 msec and 300 msec,
respectively), drag filtering causes the larger soil particles
to overtake the smaller particles when the detonation gases begin
to decelerate and gas speeds fall below soil particle speeds.

(Note the 50 m/sec scale bar in Figure 3.6.)

Figures 3.7 and 3.8 show the lofted cloud and air flow
fields at 1.5 sec using two different fields of view. Figure 3.7
shows that ascending size groups reach progressively higher
altitudes. For example, the 10 to 100 cm diameter particles
(group 6) have attained an altitude of over 200 m and a maximum
radius of 50 m. The largest "particles" flow ballistically with

i
!
|
i
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a minimum of aerodynamic drag interactions. The separation
between groups 4, 5, and 6 is due to greater aerodynamic drag
decelerations for the small size particles.

A more detailed view of the evolving air flow pattern is

shown in Figure 3.8. A main vortex has formed giving a toroidal

circulation; however, there is downflow of air below 80 m near
the axis of symmetry. The small iridium particles (groups 1 and
2) are strongly affected by this downflow.

Figures 3.9 and 3.10 show analogous spatial fields of view f
at a time of 2.5 sec. The 10-100 cm diameter clumps of soil
reach altitudes of 350 m. Note that shedding and break-up of
soil clumps was not modeled in these calculations. Figure 3.10
', shows that the main vortex persists, confining the iridium

particles to a narrow region near the axis.

Figures 3.11 and 3.12 show two fields of view of the cloud }

and air flow fields at 5.0 sec when the computation was stopped.

At this time downflow dominates the entire field. Only particles
greater than 1 cm diameter (groups 5 and 6) continue to rise in
the descending air. The 10-100 cm particles (group 6) have
reached an altitude of 550 m while attaining a radius of nearly
150 m. The maximum altitude of the 1-10 cm soil particles is

270 m. Figure 3.12 shows an air flow pattern with only weak

upward velocities (less than 5 m/sec) in the main vortex.

3.2 HE SOURCE IN DRY SOIL - CASE 3222

The particle size characteristics used in this solution are
indicated in Table 3.2. Alluvium!! has a relatively small particle
size distribution as compared to the wet soil in Case 3221; soil
particle diameters ranged between .005 cm to 10 cm in groups 3
through 6. The iridium particles (groups 1 and 2) have sizes
identical to those in Case 3221,
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; Mass Fraction :
: Group Particle Diameter d (cm) of Solid
Type P Incipient Ejecta
{ Minimum Maximum Representative
Diameter
1 Iridium .0075 .0125 .010 .256
2 Iridium .0125 .0175 .015 .744
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Figure 3.13 shows the CRALE-supplied ejecta mass flux into

the air. Incipient ejecta crossed the ground surface for times
up to 200 msec. Total soil mass ejected into the atmosphere was
2.4 kt as compared with 5.2 kt in the HE/Wet case (3221). About
1 ton, or 0.05% of the total particle mass, was in the form of

o

iridium-coated sand for Case 3222. This is twice as much iridium

as was ejected from the crater in the wet case (3221).

Figures 3.14 to 3.20 show the air velocity field with the
lofted soil particle size boundaries at t = .03, .05, .1, .25,
1.0, 2.0, and 5.0 seconds.

Figure 3.21 shows the air velocity field with a smaller
field of view at 5.0 sec. Two main vortices are apparent, with
general downflow elsewhere in the field. Strong downflow is
especially noticeable near the axis of symmetry. Note that the
overall flow characteristics for this case are quite complicated
with a few smaller vortices being apparent.

The relatively small particle size distribution in this dry

alluvium as compared to the wet soil in Case 3221 causes a much

stronger aerodynamic coupling between the ejected soil and air.

The cloud dynamics are strongly affected by this difference; for
example, compare Figures 3.2 to 3.12 from Case 3221 (wet soil)
with Figures 3.14 to 3.21 from Case 3222 (dry soil). Comparisons
between these cases are described in Section 4.

3.3 NUCLEAR SOURCE IN DRY SOIL - CASE 3223

The soil particle size characteristics are given in Table 3.3.
Soil groups 1-4 in Case 3223 were identical to groups 3-6 in Case
3222. Group 5 is the soil vapor group.

A portion of the 20 tons of device energy released in this
nuclear burst goes into vaporization of soil which is shocked by
very high pressures (P > 1 megabar). As the cratering dynamics
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Figure 3.16 Air Velocity Field at 100 ms for a 10-ton HE Burst Buried
6 Meters in a Dry Soil (Case 3222).
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. Table 3.3
§ PARTICLE SIZE CHARACTERISTICS
FOR A DRY GEOLOGIC MEDIA'! (CASE 3223)
i
%
Initial Mass ;
Group Particle Diameter d (cm) Fraction of Solid i
Type P Incipient Ejecta
.. Maxi Representative

1 Minimum aximum Diameter

1 Soil .0050 .01 .007 .1
F 2 Soil .01 .1 .032 .3
i 3 Soil .1 1 .32 .3
§
' 4 So0il 1 10 3.2 3
k|
3
1 5 Soil - - - -

Vapor
i
¥
%
]
k
S
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proceed, this soil vapor reaches the original ground surface where
its subsequent flow is represented in the DICE code as group 5.
The vaporized soil material cools and eventually condenses as it
mixes with the colder soil overburden and air; the latent heat

of vaporization is released into the atmosphere during this con-
densation phase. Due to problems with the equation of state in

the CRALE calculation of this event (as discussed in Section 2.4)

BAY o b

a small latent heat of vaporization (1.5 x lOlO ergs/gm) was
included in the internal energy of the vaporized dirt. A value

of 1.4 x 10ll ergs/gm {(Reference 15) was therefore added to the
internal energy of the one metric ton of soil shocked to P > 1 Mbar
to provide the energy absorbed in vaporizing this mass. This
energy was added as the one ton of vapor flowed into the DICE

solution at the lower boundary.

Figure 3.22 shows the solid soil and soil vapor ejecta as a
function of time. Almost 4 kt of total soil mass crosses the
ground surface for times up to 200 msec. This ejecta mass is
1.6 times greater than in the equivalent HE dry media case (3222),
but less than 75% of the mass ejected in Case 3221 (HE/Wet).

Soil vapor stops flowing into the atmosphere at about 45 msec.

The eventual condensation of this soil vapor and the associated
release of the latent heat of vaporization is an important difference
between a buried nuclear burst and a buried HE burst. The trans-
fer of this heat into the atmosphere as the soil vapor recon-
denses results in buoyant lofting of the soil and radioactive
materials to altitudes higher than could be achieved by the
relatively cold detonation products from a HE source. Pressures
from HE detonations do not vaporize any soil. And, for a 6 meter
depth of burial, the detonation products have cooled to about

T ~ 300°K when they enter the atmosphere.
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Time and Particle Size Group for Case 3223 (Nuclear/Dry).




Figure 3.23a shows the maximum increase of air temperature %
(AT =T - Tamb) calculated by DICE for the nuclear case as a
function of time. The increasing slope of the curve between 30 i
and 45 msec corresponds to the period when vaporized soil vents
into the atmosphere (i.e., enters into the DICE grid). The sharp
temperature rise to AT ~ 2000°K is a consequence of rapid con-
densation of soil vapor and the associated release of latent
heat energy into the air near SGZ. By 65 msec, all of the soil
vapor has condensed, and maximum temperatures subsequently

decay.

Figure 3.23b shows the height and radius of the maximum
temperature region at various times. The behavior is as expected,
with the hot, low density air rising due to buoyancy. As the
hot region of air continues to rise, it entrains cooler air; at

3 seconds, the maximum temperature increase is only several

degrees, with its position at an altitude of about 130 m.

Figure 3.24 shows the air flow field at 5 seconds. Strong
downflow is seen only near the axis of symmetry below 100 m.
The main vortex centered at a height of 140 m dominates the
remainder of the air flow field with relatively high maximum
upward velocities of about 20 m/sec. 1In Section 4, the nuclear

source case is compared with the HE source cases.
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Figure 3.24 Air Velocity Field at 5 Seconds for a 20-Ton Nuclear
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SECTION 4

COMPARISONS OF LOFTED TRACER PARTICLES

In the three numerical calculations, tracer particles are
included to follow the movement of iridium-coated sand (Case 3221
and 3222) or radioactive material (Case 3223). The subsequent
flow and disposition of these tracers in the lofted cloud is then
calculated. Figure 4.la shows the indexing and initial locations
of the 45 iridium tracers for both the wet and dry media HE cases.
Those tracers denoted by dots did not cross the original ground
surface in the CRALE cratering solution. Figure 4.1lb is an
analogous plot of the 25 tracers placed in the region of the
The iridium tracers initially extend out to just

nuclear source.
over 1 m radii, whereas the radiocactive tracers only extend to
3

0.1 m.

Figures 4.2 through 4.7 show the positions of the tracer

particles at times of .05, .1, .5, 1.0, 2.0, and 5.0 seconds.

Each figure compares the tracer particle positions for the three

numerical solutions at a specific time.

Figures 4.8 and 4.9 show the maximum tracer altitude and

radius as functions of time for the three cases.
4.1 "WET" VERSUS "DRY" SOILS (HE SOURCES)

The iridium tracer motions vary substantially when the HE
source is detonated in wet soil versus dry soil. Figures 4.2
through 4.7 show that the iridium is consistently higher in the
wet soil case. For example, at 2 seconds (Figures 4.6 and 4.8),
the iridium tracers have reached an altitude of about 60 meters
in the wet soil case as compared to 30 meters in the dry soil

case. With respect to radius, however, note that the tracers
reach only 10 m radius in the wet case versus 18 m in the dry
case. Thus, an HE burst in a wet soil media leads to iridium
tracers, for times up to 5 seconds, which are located higher in
altitude and narrower in radial extent than the iridium tracer

locations for the HE burst in a dry soil.
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Figure 4.8 Maximum Tracer Altitudes versus Time.
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Figure 4.9 Maximum Tracer Radii versus Time.
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Possibly the most sensitive soil property affecting the
iridium lofting and disposition in the cloud is the particle size
distribution of the ejecta. Note that particles include cohesive
"clumps" of fundamental soil grains. The experimental evidence
(Reference 12) indicates that wet scils have a higher
percentage of their mass in the larger clumps of particles than
do dry soils. For example, Figure 1.5 shows the particle size
distributions used for ejecta from the wet and dry soils. In the
wet soil, 50% of the mass is in particles greater than 18 cm as
compared to a much smaller mass median diameter of .16 cm for the
dry soil. This difference in particle size distribution is
critical to the aerodynamic drag interactions which determine the
rate at which momenta and energy are transferred from the ejecta
particles to the atmosphere. (Appendix B summarizes the mutual
drag interaction formulation used in mixed phase DICE calcula-
tions.) The larger (wet soil) particles transfer momentum to the
air much more slowly than the smaller (dry soil) particles. This
difference in drag interaction forces leads to the fundamental
difference in the air flow fields for the HE/Wet versus HE/Dry
cases (compare velocity field Figures 3.16 to 3.21 with Figures
3.5 to 3.12).

Figure 4.10 compares the air velocity fields and particle
size positions at 5 seconds for the HE/Wet and HE/Dry cases. This
figure shows the intense, localized flow field associated with the
dry soil. This flow field, with relatively large radial velocities
at earlier times, causes the lofted soil cloud to be larger in
radius than the HE/Wet cloud.

4.2 HE VERSUS NUCLEAR BURSTS (DRY MEDIA)

Figures 4.2 through 4.8 show that the radiocactive tracers in
the Nuclear/Dry case (3223) are always higher than the iridium

tracers in the HE/Dry case (3222). At early times, say
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t < .3 seconds, this difference is primarily due to the higher
incipient ejecta velocities from the nuclear burst. At later
times in the nuclear case, however, buoyancy dominates the air

flow field and the motion of some radioactive tracers.

Figure 4.8 shows that the HE/Dry iridium tracers reach a
maximum altitude of about 25 meters in about .3 seconds; after
this time the iridium tracers' altitude increases very slowly
to a maximum of about 30 meters at t ~2.5 seconds. The "knee"
(at t ~.3 seconds) in the tracer altitude curve for the HE cases
does not occur in the nuclear case. The maximum altitude of the
radioactive tracers continues to increase during the 5 second

numerical solution, with a gradual decrease in upward velocity.

The release of concentrated latent energy from the conden-
sation of vaporized soil occurs within the developing ejecta-air
cloud. The location of this energy transfer to the air enhances
cloud lofting through buoyancy.

Figure 4.11 compares the velocity vector fields at t = 5 sec
for the HE/Dry versus Nuclear/Dry numerical solution (Case 3222
versus Case 3223). A scale bar representing speeds of 10 m/sec
is shown on the figure. The tracer particle positions at 5 seconds

are also shown on Figure 4.11.

The 5 second velocity field in the nuclear case shows a
toroidal vortex pattern centered at an altitude of ~140 meters
and a radius of ~50 meters. The peak speeds are ~20 m/sec. Some
of the radioactive tracer particles are entrained in this flow
region. 1In the HE case, at least two vortices are apparent.

The altitude of these vortices are a factor of two lower than
the main vortex in the nuclear case. The maximum iridium tracer
altitude is only ~10 meters, compared to the maximum radioactive
tracer altitude of ~160 meters.
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The significant differences in the air flow fields and in
the maximum altitude of the iridium versus radioactive tracer
particles will lead to different tracer fallout patterns for an
HE shallow-buried burst compared to a nuclear shallow-buried
burst. The primary cause of these physical differences is the
buoyant cloud rise which occurs in the nuclear case when vaporized
soil condenses at a temperature of about 2500°K and the latent
heat of vaporization is released to the atmosphere. This funda-
mental difference in phenomenology is expected to persist for
all shallow-buried bursts which vent vaporized soil to the
atmosphere.
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APPENDIX A

ZONING

A-1 CRALE

Initial Zoning

Reference should be made to Figure 1.4 during this discussion.

The high explosive sources {(problems 3221 and 3222) were
represented by six 19-cm radial zones and twelve 19-cm vertical

zones.

The small initial nuclear source (problem 3223) was modeled

by two 5-cm radial zones and four 5-cm vertical zones.

Initially, the computational zones outside the explosive
sources were rectangular. Zone heights and widths generally in-
creased slightly with distance from the source. Such expansion
of the dimensions of the initial grid allows maximum resolution

nearest the source.

The boundaries indicated in Figure 1.4 for problem 3221 are
material interfaces. The computational grid was designed so that
these interfaces coincided with horizontal or vertical zone

boundaries.

Motion of the Computational Grid

Motion of the computational grid falls in two broad categories.
During the first few milliseconds after source detonation the grid
motion was Lagrangian. That is, the grid velocity field is identi-
cal to the field of material velocity.

Large material distortions in these problems soon make Lagran-
gian zoning impractical. Thus, after the first few milliseconds
we specify a field of grid velocity independent of the material
velocity field. This ability to impose a generalized (neither
Lagrangian nor Eulerian) scheme of grid motion is a characteristic
of CRALE.
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Restrictions must be applied to the generalized grid motion
if the simulation is to remain valid. 1In particular, material
boundaries must be respected.

The generalized grid contains a scheme that closely approx-
imates Lagrangian boundaries between materials. Problem 3221 has
such "pseudo-Lagrangian" boundaries between the five soil types,
the grout, and the expanding cavity filled with the gaseous
products of detonation. Problem 3222 has a pseudo-Lagrangian
boundary between the HE products and the surrounding alluvium. All
three problems have such a boundary at the ground surface, there-
by holding all material within the problem domain.

Note that problem 3223 has no internal material boundaries.
We simulate the nuclear device by giving high energies to a
small amount of alluvium. Thus, the gases at the beginning of the
problem as well as those produced by shock vaporization are all
soil vapor.

The Dezone Procedure

Maintenance of material boundaries, though necessary, causes
problems in the zoning scheme. As the cavity of gas grows in
calculations 3221 and 3222 and distorts the surrounding material,
serious numerical problems develop. Specifically, sliver-shaped
zones hold down the time step and present the danger of doubly-
degenerate cells.

The dezone procedure was developed to ease distortion problems.
This procedure involves the removal of a few rows of grid points
and the redistribution of properties associated with those rows.
Grid congestion can thus be relieved and the problem run to
completion.
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Dezoning was invoked in Cases 3221 at 10.8 msec and in 3222
at 24.7 msec. Due to its lack of internal material boundaries,
Case 3223 required no rezoning.

A-2 DICE

A computational grid which expands in both axial and radial
directions as a prescribed function of time (Reference 8) was
employed in the DICE solutions. Figure A-2.l1 shows the height
and width of a cell in the uniform region near SGZ of the DICE
grid. An approximate 10% grid expansion is used outside the
uniform region. Minimum cell heights and widths for all cases
were 1.0 and 0.5 m, respectively. Final cell heights for Cases
3221 and 3223 were 8.0 m. For Case 3222, the final height was
6.0 m.
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APPENDIX B

AERODYNAMIC DRAG

In DICE mixed phase flow calculations, the soil particles and
air experience mutual drag interactions. The equation used in this
study for the drag interaction force (FD) on a particle of diameter
(Dp) moving with velocity (Vp) in a gas stream of density (pg) and

>
velocity (Vg) is:

Fp = %0, (V-V) | V-V | cpy( 49) (B.1)

where the drag coefficient (Cp) is defined by:

C,=0.6 + — (B.2)

D Re

and Re is the particle Reynold's number

= (B.3)

where

po= (2.421)9-78 & 1078 poise (T in °K)

The relative masses of particles and gas in a computational
cell are used to guarantee that changes in the soil particle
momentum are compensated by oppositely-directed chances in the air
momentum. (See Reference 9 for additional details for this model.)
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